Studies of vesicle formation and morphology for potential applications are rapidly growing areas of research[@b1]. The research acquires immense importance owing to the ability of vesicles to mimic cell properties. A vesicle acts as a nanocarrier with its capacity to encapsulate water-soluble drugs in its aqueous core and water-insoluble drugs in its membrane[@b2][@b3]. Beyond phospholipids, a number of synthetic surfactants are known to self-assemble into vesicle structures[@b4][@b5][@b6][@b7][@b8]. These surfactants exhibit a wide variety of self-assembled structures, all of which have potential applications in drug delivery and, cosmetic and food formulations. However, the toxic effects of many synthetic surfactants have limited their use in these fields. This adverse consequence can be avoided by selecting a suitable biocompatible system for vesicle preparation.

In recent years, there has been an increasing interest in using biosurfactants because of their numerous advantages including biocompatibility, biodegradability, and easy production from renewable natural sources[@b8][@b9][@b10][@b11][@b12][@b13]. Despite their potential advantages, vesicle formation from amino acid-based biosurfactants is limited. In this study, we used one single chain amino acid-based surfactant, sodium N-lauroylsarcosinate hydrate (SNLS), which possesses all of these potential advantages. Due to a bulky ionic polar head and strong electrostatic repulsion, the single chain ionic surfactant always forms micelles in pure water[@b14]. Furthermore, like other fatty acid vesicles, it forms bilayers or vesicles in the presence of other neutral amphiphiles, which doubles the hydrocarbon volume[@b15][@b16][@b17]. An ion pair formed by the association of two headgroups of ionic and neutral surfactants induces a bilayer structure.

Many have reported that the addition of alcohol (particularly long chain alcohols) favours vesicle formation[@b18][@b19][@b20][@b21][@b22][@b23]. Andega *et al.*[@b24] demonstrated in their study that the permeation-enhancing property through porcine and human skin increases with the alcohol chain length up to 1-decanol and then decreases again with longer chains. Several other investigations regarding the permeation-enhancing property of alcohols in the vesicles[@b25][@b26] and bilayers[@b27] have been reported. Any primary alcohol with a C10 to C20 chain is a good and biodegradable surfactant[@b28]. Based on their toxicological studies, Nelson *et al.*[@b29] reported that 1-decanol is fully nontoxic even for the foetal rats. Considering these facts, we used 1-decanol as a cosurfactant for vesicle formation.

Generally, a mixture of water-soluble and water-insoluble surfactants results in vesicle formation after immersion in water[@b30]. With SNLS and 1-decanol, vesicles are formed when the mixture of the two amphiphiles (at a particular molar ratio) is immersed into water. In fact, the displacement of the adsorbed nonpolar surfactant and their insertion into the hydrophobic area of the monolayer are the driving forces of this process. Packing of the acyl chains of 1-decanol with that of the surfactants increases the hydrophobic area. At the same time, the presence of an OH group between two amino groups forcefully reduced the head group area. The duel effects are responsible for vesicle formation.

The purpose of this study was to develop a non-toxic and low cost drug delivery system. The detailed phase behaviour was studied in the water-rich corner. Rich morphology was observed from the surfactant- rich area to the 1-decanol rich area. The 1∶2 molar ratio of surfactant/1-decanol at 92 wt% water is the most stable point based on macroscopic observation for six months. Prepared vesicles are stable at comparatively higher amphiphile concentrations. The long term stability of this vesicle-forming system will make it promising for drug delivery.

Results
=======

Before examining the use of 1-decanol for vesicle formation, we attempted vesicle formation with ethanol, 1-heptanol, 1-hexanol and 1-octanol as cosurfactants. The ethanol solution was clear and non-birefringent between cross polarisers, which is indicative of the formation of mixed micelles. However, only lamella was formed after treatment with 1-heptanol, 1-hexanol and 1-octanol. The formation of lamella was confirmed with the observation of their rainbow texture through cross polarisers. In contrast, we obtained vesicles for a wide range of molar ratios with 1-decanol. Between cross polarisers, floating birefringent was observed. In addition, transmission electron microscopy (TEM) and dynamic light scattering (DLS) also indicated the presence of vesicles in solution. These results imply that the chain lengths of the cosurfactant influence vesicle formation.

Phase behaviour
---------------

We have examined the phase behaviour of the water-rich region of the system. Based on our investigations, we have drawn a phase diagram of the water-rich corner (see [Fig. 1 (a)](#f1){ref-type="fig"}). With 0.04 wt% 1-decanol, the surfactant formed a slightly bluish turbid phase consisting of a small viscous cloudy upper phase (2--5%). Furthermore, this upper phase increased with the increasing concentration of both amphiphiles. The samples remained in two phases up to 96 wt% water. Two isotropic single phases were found at each amphiphile-water border. The first isotropic phase was situated in the border of the surfactant-water region (SNLS/1-decanol ≥ 8∶5, denoted as "I"). This phase was clear but scattered some light, while the other phase was isotropic and milky white and appeared at the 1-decanol-water border (SNLS/1-decanol ≥ 1∶8.5 termed as "V"). A single vesicle lobe was found in the intermediate region (between the molar ratios of 5∶6.5 and 1∶4 in 95--90 wt% water) of the phase diagram. This region is termed as 'III\' in the phase diagram. A greater portion of the phase diagram was two phase. For molar ratios of 8∶5--5∶6.5 (termed as II) and 1∶4--1∶8.5 (region IV) of SNLS/1-decanol, the solution remained two phase. The macroscopic appearance of the lower phase changed from clear to milky white with increasing concentrations of 1-decanol. In both isotropic phases, microemulsion was the dominant structure, differing in the size range of the particles. In the surfactant-rich side, the size of the particles was approximately 35 nm, whereas in the decanol-rich side, their size was found approximately 300 nm.

Morphology of the self-assembled structure
------------------------------------------

The observed microstructures were characterised by TEM (see [Fig. 1](#f1){ref-type="fig"}). In region 'III\' of the phase diagram, the most bluish phase was found at a molar ratio of 1∶2 in 92 wt% water. The TEM image of the obtained vesicles in this region is shown in [Figure 1(e)](#f1){ref-type="fig"}. The size of these particles was found approximately 100 nm, which is also comparable with the result obtained from the DLS analysis ([Fig. 2](#f2){ref-type="fig"}). The TEM image clearly shows the internal cavity surrounded by a brighter border. [Figures 1(b) and 1(c)](#f1){ref-type="fig"} represent one vesicle and microemulsion phase at 97 wt% water at a molar ratio of 1∶1 SNLS/1-decanol. The bottom phase contains a microemulsion of approximately 40 nm, and the top phase contains vesicles approximately 200 nm in diameter. The trend of increasing vesicle size may be due to the reduction of electrostatic repulsion between inter-vesicular dispersion. This result indicates that the proper mole fraction of amphiphiles is necessary; otherwise, the sample is rendered into two phases. [Figure 1(d)](#f1){ref-type="fig"} represents one microemulsion phase of approximately 300 nm in diameter. It is clear from the phase map that microemulsion is the dominant structure above the equimolar ratio and on the 1-decanol rich side of the phase diagram.

From the small angle X-ray scattering investigation of the vesicle dispersion (SNLS/1-decanol molar ratio = 1∶2 in 92 wt% water), it was found that the scattering spectra consists of two peaks, a broad scattering peak and a small sharp peak ([Fig. 3](#f3){ref-type="fig"}). The broad peak represents a single bilayer[@b31][@b32], and the second sharp peak arises from the interparticle interference[@b33]. For the confirmation of the vesicle morphology in dry conditions, we dried the sample in a desiccator. The broad scattering peak of the dry vesicles appeared at the same position in both cases, indicating that the vesicle morphology did not change even in dry conditions. The second peak changed according to the concentration of vesicles. The reason behind the observed stability may be due to the high absolute value of the zeta potential (42 mV, see [Fig. 4](#f4){ref-type="fig"}). This strong repulsive force prevents the agglomeration of vesicles. Considering all of the experimental results, we selected the molar ratio of 1∶2 at 92 wt% water as the most stable point in the system.

[Figure 5](#f5){ref-type="fig"} shows the FTIR spectra of the vesicle solution. Maxima were found at 1656 cm^−1^ (amide region), which is shifted from a split peak in the surfactant at 1640 and 1648 cm^−1^. The shift is attributed to the hydrogen bonding between the C = O of the amide group and the alcoholic hydroxyl group. Tenaciously bound water also contributes to this bonding. Strong hydrogen bonding yields a significant band broadening in region of 3400 cm^−1^. Both OH stretching vibrations from the alcohol group and adsorbed water contributes this broadening. However, a hydrogen band at 3304--3229 cm^−1^ is an evidence of the tertiary ammonium cation (R~3~N^+^H)[@b34]. In the case of the micelle solution, a single very broad peak was observed at 3400 cm^−1^, while no peak was observed at 3304--3229 cm^−1^. Strong hydrogen bonding between water and the amino acid head group is responsible for such a peak in the micelle solution. In the vesicle solution, a reduction of hydrogen bonding with water occurs. The most probable reason for such an occurrence is the tendency towards a reduction of interfacial hydration due to the addition of 1-decanol. The strong asymmetric and symmetric stretch of methyl group of surfactant and 1-decanol appears as very weak stretching vibration at the peak value 2956 cm^−1^ and 2856 cm^−1^ in vesicle solution, because the association of more acyl chains weakens the peak strength.

Discussion
==========

The phase map shows significant changes of the self-assembled properties. In both surfactant-rich and decanol-rich regions (region I and V) of the phase map, the presence of excess ionic surfactant accumulates around some free 1-decanol molecules. Consequently, the hydrophilic surface of each monolayer remains in contact with water, and the hydrophobic surface remains in contact with excess 1-decanol. The interfacial tension is smaller in the region of water and the hydrophilic surface monolayer than that of the region of 1-decanol and the hydrophobic surface. As a result, the hydrophilic surface swells, and the hydrophobic surface contracts. Thus, the convexing of the surfactant monolayer with respect to the water phase containing the oil phase (1-decanol) in its interior, forms a micro emulsion. The size of the aggregates depends on the relative concentration of the hydrophilic and hydrophobic areas. Specifically, a larger hydrophilic area favours the formation of a microemulsion of below 40 nm in size in the surfactant-rich corner. However, at the same water concentration, a comparatively large hydrophobic area favours the formation of a larger microemulsion. The size of the particles depends on the availability of 1-decanol molecules. In the intermediate region, i.e., area III in the phase diagram, the situation is better for a bilayer structure.

For vesicle formation, two major phases must be fulfilled in a system. One is the requirement of energy; i.e., the energy level of vesicle phase, should be lower than that in molecular dispersion state[@b19]. The other requirement is the molecular packing parameter introduced by Israelachvili[@b35]. In fact, the packing of the acyl chain in the hydrophobic core determines the aggregate structure, and is defined as the ratio of the volume of the hydrocarbon tail of the surfactant in the core (v~c~) and the product of the optimal head group area (a~0~) and the critical chain length of the tail (lc).

The spherical micelles are formed at 0\<P\<1/3, and the cylindrical micelles are formed at 1/3\<P\<1/2. For 1/2\<P\<1, vesicles are formed, at P≈1, lamella formed, and for P\>1, reverse micelles are formed.

It is clear that, a certain concentration of 1-decanol must be used for vesicle formation in this system. Addition of decanol at a molar ratio of 1∶2 shows the most bluish and turbid phase in this system, which implies that the insertion of decanol molecules at 92 wt% water enlarges the hydrophobic area, which is beneficial for vesicle or bilayer formation. Similar results were also found in other systems. It was previously shown that a specific molar ratio is beneficial for vesicle formation[@b15], and the importance of the interfacial properties of a mixed surfactant system[@b36] were also emphasised.

Generally, in a system consisting of an ionic surfactant and a cosurfactant, the system balanced at some optimum mixing ratio[@b37]. Regarding this matter, it can be assumed that, the maximum solubilisation of amphiphiles is achieved in the intermediate region (region III) of the phase diagram. We considered this region to be the solubilisation boundary. In catanionic systems, both cationic-rich[@b38] anionic-rich[@b39] vesicle lobe regions were reported, but precipitates at equimolar ratios, i.e., excess surfactant, should be present within these bilayers. Zhai *et al.*[@b40] also showed that an aqueous anionic and neutral amphiphile mixture forms vesicles at certain molar ratios. The excess amphiphiles weaken the repulsive forces between two ionic head groups. The combination of reduced interfacial hydration, as well as weak repulsion, makes the polar head group area smaller than the micelle, and the packing of acyl chain increases the hydrophobic area. The combination of these effects reduces the free energy of the system and also favours the formation of a cup-like structure, which is the basis for vesicle formation.

With the increase in bonding interactions, the two molecules closer together, were making more space to for new 1-decanol molecules to enter. Due to the strong hydrogen bonding property, the new OH group also associates with adsorbed water and with other surrounding headgroups. It is notable that not all mixing ratios yielded vesicle formation, however, a molar ratio of 5∶6.5--1∶4 (SNLS/1-decanol) in 95--90 wt% water is sufficient for vesicle formation. Adequate insertion of 1-decanol leads to the decrease of the curvature, consequently closing the bilayer, which then contains a fraction of the aqueous part in its core. Furthermore, the compressed bilayers and adsorbed water on the monolayer prevents the outer molecules from entering the inner layer of the vesicle. This effect limits the diameter of the vesicles to a certain range.

In conclusion, the sodium N-lauroylsarcosinate hydrate/ 1-decanol/water system has similar properties of forming bilayer structures to that of an oppositely-charged amphiphile system. Furthermore, different aggregate structures can be achieved by changing the mixing ratio of both amphiphiles. Previously, it was reported that the addition of alcohol is beneficial for vesicle formation in some mixed surfactant systems. However, 1-decanol enhances not only the vesicle formation, but also two different sizes of microemulsion phases in one single chain ionic surfactant. Vesicles were stable between the temperatures of 20 and 37°C. This result indicates that, changes in interfacial hydration and the interactions between amphiphiles in different mixing ratios greatly change the phase behaviour. Additionally, a similar chain length (C11 for the surfactant and C10 for the 1-decanol) greatly influences the hydrophilic and hydrophobic portion. Due to these properties, the system is promising for development into a nanocarrier-forming system.

Methods
=======

Materials and sample preparation
--------------------------------

Sodium N-lauroylsarcosinate hydrate (SNLS) was purchased from TCI (Japan), 1-decanol with 97% purity was purchased from Fluka-Chemica (Switzerland). Deionised water was used to prepare all of the samples. To obtain vesicles, the desired amounts of amphiphile were measured in the glass tube and then the required amount of water was added. The resulting suspension was sonicated at 20°C for 10 min using a bath-type sonicator. To obtain microemulsion, the mixture was vortexed for 5 min. The homogenous dispersions were then centrifuged at 4,000 rpm for 10 min to see the phase separation. Before analysis, all samples were left undisturbed at equilibration for several days.

Phase diagram determination
---------------------------

After equilibration, inspection between cross polarisers was performed to identify the birefringent and isotropic phase. We studied the expected phase sequence over the composition range 0.08--6 wt% of surfactant and 1-decanol and 90--99.92 wt% water. The composition of each solution was expressed in molar fraction (α~s~) and defined in [equation (1)](#m1){ref-type="disp-formula"}where, \[surfactant\] and \[1-decanol\] are the molar concentrations of surfactant and 1-decanol.The macroscopic appearance was monitored at regular intervals by both visual inspection and between cross polarisers after subsequent centrifugation.

It was observed that the samples\' appearance remained unchanged in the temperature range of 20--35°C. The macroscopic appearance of samples is shown in [Figure 1](#f1){ref-type="fig"} with their corresponding TEM images. This inspection was conducted over the course of months to check the phase separation or flocculation above the isotropic or vesicular region.

Transmission electron microscopy (TEM)
--------------------------------------

Observation of the vesicle formation was examined using TEM (Philips-CM12). A drop of vesicle dispersion was applied to the carbon grid and left for partial drying to allow some of the vesicles to adhere to the carbon grid. The excess sample was removed by filter paper from the opposite direction. A drop of 3% uranyl acetate solution was added to the grid and left for 10 sec. Again, the excess solution was removed washing the grid thrice. Each time the liquid was adsorbed with filter paper, and the sample was dried in the air. The sample was then characterised under an electron microscope at an accelerating voltage of 100 kV.

Measurement of the particles
----------------------------

Vesicle size and zeta potential were determined with a Zetasizer Nano ZS (Malvern Instruments, Herrenberg, Germany) after equilibration. Z-average particle sizes were measured at the scattering angle of 90° at 25°C using DLS combined with Malvern\'s DTS software (v.5.02). Zeta potential values were measured by laser Doppler anemometry at 25°C and calculated using DTS software.

Further investigation of the vesicular phase was performed by small angle scattering X-ray technique at 25°C using a kratky compact small angle system, which is equipped with a position-sensitive detector containing 1024 channels of 54 mm in width. The wavelength used was 0.154 nm, and the sample-detector distance was 274 mm. A few milligrams of sample were enclosed in the sample holder on a flat miler sheet. Data were normalised for an acquisition time for 30 min. The results are represented in [Figure 3](#f3){ref-type="fig"} after background subtraction.

The Fourier transform infrared (FTIR) spectra were recorded using a Perkin Elmer Spectrum BX FTIR system over the region of 4000--400 cm^−1^ of the sample solution. Prior to the assay, liquid samples were prepared by placing a few drops of the vesicle solution between two sodium chloride (NaCl) salt plates.
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![The phase diagram of sodium N-lauroylsarcosinate hydrate/1-decanol/water systems at 25°C. The shaded area represents a two phase region.\
The samples\' macroscopic appearance is shown with their corresponding TEM images (followed by a negative staining technique), with, (a) a phase diagram of the system; (b) and (c) the TEM image of the upper and lower phase of the sample at 97 wt% water in equimolar ratio of SNLS and 1-decanol; (d) TEM image of the microemulsion for the molar ratio of 1∶9.3 in 94 wt% water; and (e) TEM image of vesicles for the molar ratio of 1∶2 in 92 wt% water.](srep00071-f1){#f1}

![The size distribution of unilamellar vesicles in the aqueous SNLS/1-decanol mixture (1∶2 molar ratios) at a water concentration of 92 wt%.](srep00071-f2){#f2}

![Small angle scattering X-ray result for the molar ratio 1∶2 system in 92 wt% water, where, (a) represents the scattering peak of vesicles in solution and (b) represents the scattering peak of vesicles in dry samples.](srep00071-f3){#f3}

![Zeta potential of the sample at the molar ratio of 1∶2 at 92 wt% water concentration.](srep00071-f4){#f4}

![FTIR spectra of (a) sodium N-lauroylsarcosinate hydrate, (b) 1-decanol, (c) micelle solution of 0.08% SNLS in 99.92 wt% water, (d) vesicle in solution for the molar ratio of 1∶2 system in 92wt% water.](srep00071-f5){#f5}
